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Abstract

Several new mnterhalogen species have been prepared and characterized

by matrix isolation methods. Bromine difluoride , dibromine fluoride , and

dibromine difluoride have tentatively been identified by infrared matrix

isolation spectroscopy . These species were formed in a number of

different experiments utilizing both UV—photolysis and microwave discharge

excitation.

The chlorine and bromine hexafluoride radicals have been prepared by

gamma—radiolysis of approximately five mole per cent of the precursor molecule

(chlorine or bromine pentafluoride) suspended in a sulfur hexafluoride

matrix and subsequently characterized by electron spin resonance . The

previously reported chlorine tetrafluoride radical has also been formed by

the same technique utilizing chlorine trifluoride or pentafluoride/sulfur

hexafluoride mixtures.
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This program involved low—temperature synthesis and spectroscopic

characterization of new species containing fluorine and other electronegative

elements, such as chlorine and other halogens, oxygen and nitrogen.

Characterization was carried Out by Fourier transform infrared spectroscopy

and electron spin resonance using matrix isolation techniques.

Infrared Studies

The major thrust  of our low temperature matrix—isolat ion infrared

studies consisted of at tempts to prepare and stabilize the radical BrF 2
in order to compare its bonding and s tructural  p roperties with other

. 1 1  . . 1 2  3known electron rich radical species . Presently C1F2 
‘ and C121 are

apparently the only 21 valence electron interhalogen radicals that  have been

at least partially characterized by vibrational spectroscopy. Other

21 electron radicals, including Cl
3
4 
and Br

3
5
, which were originally

reported to be formed by microwave discharge were in all probability

the ionic X3 species. 6 Based on the recent Raman results2 
and previous

infrared data’, the C1F
2 
radical appears to possess an intermediate bond

angle of ~l50°. Such bond angles are apparently unique for interhalogen

species since the bond angles for most of these molecules are very near

90° or 180°. Experimental data for other “electron rich” radical species,

such as BrF2 ,  are clearly needed for a better understanding of the structure

and bonding prevalent in such molecules.

A. UV—Photolysis

The matrix mixtures were deposited on a CsI window cooled to 14°K

with a Cryodyne Model 350 closed—cycle helium refrigerator adapted

for use with electronic temperature control equipment. Photolyses of

the matrix samples were carried out through a quartz window on the cryostat

assembly with radi a tion emitted fr om a General Elect r ic Mode l Bll—6 high—

pressure mercury arc lamp utilizing two filter combinations. Filter I

• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • -

. -
s 

-

- -~~— - • - — - —  .~~~._ i~~~~~__ _ j~~~~~~~ •_ . .
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consisted of an 11 cm quartz cell filled with water (transmits ‘t 200—900 nm ),

while Filter II consisted of the water—filled quartz cell plus a Corning

CS—7—54 glass filter (combination transmits ~280~420 nm). Low—resolution

spectra were scanned with a Perkin—Elmer Model 337 spectrometer while

higher resolution spectra were obtained with a Digilab Model FTS—20 Fourier

Transform infrared spectrometer.

The initial approach involved attempts to synthesize BrF
2 by photodetach—

mnent of F atoms from the parent BrF
3 
molecule isolated in an Ar matrix via

UV—photolysis. UV—photolysis of BrF
3fAr 

mixtures results in the appearance

of a new infrared band near 570 cm~~. The increase in intensity of this

weak feature on thermal cycling from 14° to 25° to l4°K and the disappearance

of the band at ~35°K, as shown in Figure 1, is indicative of an unstable

species. BrF
3
/Ar matrix samples were subjected to a variety of photolysis

conditions in an effort to optimize the yield of the new species. However,

with the current photolysis equipment consisting of a high—pressure mercury

arc source and a variety of glass filters, no experimental conditions

were found which sufficiently enhanced the yield.

In the C1F
2 
work,

1’2 the poorest radical yields resulted from the

photodecomposition of C1F
3 
while the greatest yields came from the photolysis

of C1F and F2 codeposited in a matrix through the reaction C1F + F -~ C1F2.

An analogous route for production of BrF
2 

from the photolysis of BrF + F
2

is much more difficult to carry out because of the disproportionation

equilibrium 3BrF =.Br
2 + BrF3.

7 Several experiments were carried out in

which the above equilibrium mixture diluted in Ar was codeposited with

an F2/Ar mixture and photolyzed . Efforts were made to maximize the quantity

of BrF and at the same time minimize interference from other species.

The difficulty encountered by this approach is illustrated in Figure 2A

which represents the infrared spectrum of the codeposited Br2 ,BrF3,BrF/Ar
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Figure 1.

(a) Infrared spectrum of BrF
3 
isolated in Ar (BrF

3
/Ar mole ratio

‘~l/ 20OO , 17 mmnoles of mixture deposited)

(b) After 25 m m .  photolysis with Filter II.

(c) After thermal cycling (l4°K to 25°K to l4°K).

(d) After warming to 33°K.
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Figure 2.

(A) Inf rared spectrum of an equilibrium mixture of Br2 , BrF 3, and

BrF in Ar codeposited with F
2 
in Ar (Br2 ,  BrF3, BrF/Ar ratio

‘sl/50 , F2
/Ar ratio ~1/l7O , 8.5 mmoles of each mixture deposited).

(B) After 40 m m .  photolysis with Filter II.

(C) After thermal cycling (14°K to 25°K to 14°K).
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and F2/Ar mixtures. In addition to the BrF band at 660cm~~ in Figure 2A,

there are numerous other bands which can be attributed to BrF
3 
and perhaps

other species. Although the complexity of this system appeared to be

prohibitive, photo].ysis of this sample was carried out which resulted

in the appearance of three new doublets at 569 ,567 cm~~ , 561 ,563 cm~~ , and

556,554 cm~~ as indicated in Figure 2B. The intensities of 568 cm~~ and

555 cm~~’ bands as well as a band at 527 cm~~ were enhanced by thermal

cycling (14° to 25° to l4°K) as illustrated in Figure 2C. The 569,567

cm~~ doublet apparently corresponds to the 570 cm~~ band previously

mentioned in the photolysis of BrF
3
/Ar matrix mixtures . The significance

of the 556,554 cm~~ doublet and the band at 527 cm
1 will be discussed in

a later section . One interesting side—li ght to this particular set of

experiments involved the observation that the matrix film took on a blue

tin t a f t e r photolysis , which remained even af ter  the sample had been warmed

to the temperature where the vaporization of the argon occurs .

B. Mic rowave Discharge

A Raytheon Nicrotherm Model CMD—lO microwave diathermy generator

was used to supply a maximum of 125 watts of microwave energy at a wavelength

of 12.2 cm. The microwave energy is directed by means of a coaxial cable

to an Evenson— type cavity. The discharge was initiated in a Lucalox

(high—purity alumina) tube after attaining a steady gas flow rate in

the range 0.5 to 1.0 cc/mm . This system was operated at approximately

80% f ull power with the variable coupler and tuning screw adjusted so that

a maximum forward to reflected power ratio was achieved . Gas mixtures

subjected to the discharge were subsequently deposited on a CsI window

cooled to 14°K for infrared spectral observation .

This approach to the synthesis of BrF
2 
was stimulated by a recent

report involving the synthesis of BrF by microwave discharge of an

- 
• - 

.
. 4 ~ ~~~~. . -~~~~~~~~~~~

.
• • • •



• - - - -—;.. —.•..- , . . ~._ .. _.....rr i —  ~~~~~~~~~~~~~~~~~~~~~~ —~~~ V ~~~~

7

F2/Br 2/Ar mixture utilized in a mass spectromnetric kinetic study.
8 This

particular approach appeared to present a method for producing “purer” BrF

which could subsequently be deposited at low temperatures before

disproportionation could occur. Also by using an excess amount of F2,

additional F atoms formed in the discharge and deposited along with the BrF

could yield further reaction in the matrix to produce BrF2.

The initial experiment utilizing this particular approach consisted

of preparing a 1:2:200 mixture of Br2/F2
/Ar and passing a portion of this

mixture through a microwave discharge. This method was complicated , however ,

by the production of BrF
3 
and BrF

5 
in addition to BrF as evidenced by the

respective infrared bands at 595cm~~, 635cm~~, and 660cm~~ in Figure 3A.

Three weak features at 527, 507, and 475 cm
1 in Figure 3A are also worth

noting. It is apparent , after examination of Figure 4 which represents

the spectrum of a Br2/F2/Ar mixture not subjected to the discharge , that

the three features just  mentioned are due to species resulting from the

discharge. On thermal cycling (14° to 25° to 14° K) the intensity of

the 527 cm ’ band increases slightly (Figure 3B). On warming to 30° K the

intensity of this band further incr eases while that of the 507 cni1 band

diminishes. The 527 cm~~ appears to correspond to the band previously

mentioned in the photolysis experiment exhibited in Figure 2. On further

warming the 527cm~~ feature disappears indicating that it is due to an

unstable species, as is also the 507 cn~~ band . The feature at 475 cm
1

apparently corresponds to a stable species as its intensity remains

unchanged even after warming to 50° K. The intensity behavior resulting

from the various warming cycles is illustrated in Figures 3B—3E.

In determining whether the F
2 
and Br2 reacted prior to the discharge,

a portion of the Br
2/F2/Ar mixture of identical concentration was deposited

in the absence of the discharge. The infrared spectrum of this deposited

- • - .• . • . ~~~~s .  ~~~~ - - • . ~~~~ 
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Figure 3.

(A) In f rared spect r um of Br2 /F2 /Ar mixture passed through a microwave

discharge (Br2/F2/Ar ratio ‘~l/2.5/4 25, 10 mmoles of mixture

deposited).

(B) After thermal cycling (l4 °K to 25°K to l4°K) .

(C) After warming to 30°K.

(D) After warming to 40°K.

(E) After warming to 50°K .
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Figure 4.

Infrared spectrum of Br2/F2/Ar mixture not subjected to microwave

discharge (Br2/F2IAr ratio ‘.l/2 .5/425, 10 imnoles of mixture deposited).
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mixture, depicted in Figure 4, indicates that there is a significant

prereaction. The predominant product appears to be BrF
5 
along with a

minor amount of BrF. Bands due to BrF3 
are absent indicating that It is

formed in the discharge. In order to minimize prereaction of F
2 and Br2,

the experiment was modified so that the two reactants mixed separately in

Ar were brought together in the discharge tube . The results obtained

utilizing this approach differed only slightly from those involving the

premixed reactants. The primary difference appeared in the observation of

an additional weak feature near 570cm
1 
on warming of the matrix film .

This band apparently corresponds to that observed in the BrF
3
/Ar photolysis

experiments.

The results from both the UV—photolysis and microwave discharge

experiments indicate that a number of new Br—F species have been formed .

Similar results have recently been obtained by Professor Andrews group

at the University of Virginia.
9 One experiment at Virginia involved

deposition of a Br
2/F2/Ar sample from a common vessel which gives a mixture

of Br 21 F2,BrF and BrF3. Photolysis and thermal cycling of this sample

resulted in two new doublets at 568,570 cm~~ and 554,556 cm~~ corresponding

to bands that we had previously observed in our UV—photolysis work. A

second experiment by Andrews’ group consisted of codepositing Br2/Ar and

F
2/Ar mixtures from separate vessels which produced no BrF or BrF3

. Photolysis

of this sample produced a very strong 554 ,556 cm~~ doublet , a strong

507 cm~~ band , ama weak BrF3 
bands.

Based upon our present joint results1° tentative assignments for a number

of the new bands can be made . The 570cm 1 band is apparently due to BrF2

since it is observed only in presence of either BrF or BrF3
. The 555 and

—1507 cm bands are assigned to Br
2
F
2 
and Br

2
F,respectlvely, in a manner

analogous to that for C12F2 
and C12F in the photolysis of the C12

+F2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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system.3 The 527 cm~~ and 475 cm
1 
bands observed in the microwave

discharge work presently remain unassigned: Raman experiments by Andrews ’

group should help to further clarify the bromine—fluorine system. A list

of vibrational frequencies for a number o Cl—F and Br—F neutral species

is given in Table I for comparison purposes . It should be mentioned that

based upon frequency comparisons from this Table , the ass:ignment of the

570 cm~~ feature to BrF2 is somewhat unexpected .

C. y — Radiolysis

Another area of infrared work has involved attempts to prepare and

characterize radical species such as C1F4 ,  C1F6, and BrF6, by y—radiol ysis

of matrix mixtures si mila r to those utilized in the electron spin resonance

work (see below). In order to carry out these experimen ts , a miniature

liquid nitrogen—cooled cryostat was constructed of the correct dimensions

to fit into the cavity of the 60Co y—source . The initial experiments

consisted of y—radiolyzing thin films of SF
6 

deposited onto a CsI substrate

in an effort to make infrared characterization of the SF
5 
and SF

6 
radicals

known to be formed from esr studies.
15 The infrared spectrum of the

SF5 radical has recently been reported by Smardzewski and Fox
16 and ,

therefore, provides a good check of the feasibility of this method .

The reported SF
5 
bands are 812 and 552 cm~~ which are in areas where

thin films of SF
6 

transmit readily. A number of experiments involving

a number of different radiolysis times resulted in the observation of

no new features in the SF6 spectrum . It was felt that if SF
5 
or SF

6

could not be characterized by this method that there was little chance

of observing interhalogen radicals in 5 mole % mixtures and , therefore, these

studies were suspended .

A review of the vibrational spectra of the main group binary fluorides ,

which is to be submitted for publication , has been included in this report

aS Appendix I.
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Table I. Vibrational Frequencies of Neutral Chlorine—Fluorine
aand Bromine—Fluorine Species

Point Group Vibrational Cl—F Freq~ency Br—F Freqyency
Symmetry Node Compound (cm ) Compound (cm )

2 11
C Cl—F Br—F

ve0~
+)_VX_F 760 660

C C1F 1,2 BrF2v 
v
1

(A
1

)—vX — F sym . 2 500 2

v 2 (A1) X — ~ 242
v 3(B 2 )— v X —F asym. 578 570 C

12 12C C1F BrF
V v (A )— vX—F ’ 754 672

v~ (A~7— vX_F symn . 523 547
v 3(A1)— SF — x — F i .p. 328 235
v4 (B1) — ’vX— F asym. 683 597
v5 (B 1)— 6F— X— F i .p. 431 347
v6 (B 2 ) — ~ F— X—F o .p .  332 252

C C1F 13,14 BrF 12,14
4v 

v1
(A
1
)—vX—F 722 681

sym . 539 582
v

3

(A
1

) — ~5F—X—F sym. o.p.  493d 366dv4 (B 1) — vX—F asym . 480 535~
v 5(B 1) — ~ F— x— F asym . o . p .  346~ 281d
“6~~ 

)—cS F—X— F asym . i .p .  375 312
v 7 (E~ — vX — F asym. 726 636
v8(E) — SF —X— F 482 415
v 9 (E) — S F—X — F asym. i .p .  299 240

C (?) C12F
3 Br2F

v X—F 536 507 C

v X—X 302

C2 (?) C12F2
3 Br2

F2V v F— X—F 638
v X—X 462

C2 (?)  C1
2F3

3 Br2
F
3V v F-X—F 559

aFrequencies were obtained from matrix—isolation work.

b
~ represents stretching, ó represents bending, unique fluorine atom indicated by
F in XF

3 
and XF

5 
compounds; i.p. — in plane ; o.p. — out—of—p lane .

CTentative assignments .

dFrequencies from gas phase Reman work , ref. (14).

e
Calculated frequency from ref. (14).

- 

;~~~ _~~~~~~~~~~~~~~~~~~~~~~~ 4 
~
.•.:-.;‘ .. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

r

.—— —.-——-— —~~ .——. - ..- -- --•--.-- - . —-———•—•- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



r . •

~~~~~~~~~~~~~~~~~ 

.

~~~~~~~ 

- -  —— . .  . ,

13

ESR Studies

Electron spin resonance studies were performed in an effort to

characterize new fluorine—containing radicals. The approach that was

utilized in much of this work (conducted in collaboration with Professor

T. Ffrancon Williams and his group), involved y—irradiation of a mixture

of the precursor interhalogen suspended in a suitable solid matrix, such

as SF6. The procedure consisted of preparing a gaseous mixture of the

appropriate interhalogen and matrix gas (optimum concentration of interhalogen

‘~5 mole%) in a well passivated stainless steel vacuum line. A small

fraction of the mixture was condensed into either Suprasil quartz or

PEP Teflon tubes and sealed off for subsequent y—radiolysis at 77°K utilizing

a 60Co source. The esr spectrum was then recorded using the Varian Model

4502 ESR spectrometer at a temperature that yields good isotropic spectra

while at the same time maintaining radical lifetimes sufficient for observation

(for SF
6 

this temperature is ‘~‘1O5 °K).

This approach has proven to be successful in the preparation of

the previously unreported interhalogen radicals , C1F6
17 and BrF

6
18 

(For

details see Appendices II and III). The C1F
4 

radical which was previously

reported by Preston and Morton’9 is also readily prepared by this method.

The net reaction by which most of the interhalogen radicals are formed

utilizing this technique appears to involve fluorine atom addition from

the matrix material to the appropriate interhalogen compound . A variety

of matrix materials, including SF6, SiF4 , N0F6, 
~~6’ 

SeF
6 

and Xe, have been

examined in order to determine their ability to form and stabilize radical

species. SF
6 was found to be the most versatile matrix material as the

summarized esr data in TabJ.e II illustrate. it is interesting to note

that the C1F
4 

radical. is formed with unusual ease by this technique and

also that this method is considerably “cleaner ” than the approach used

- .
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by Morton and Preston
19 to produce C1F4. A radical originally thought

to be SiF
5 

formed in the y—radiolysis of C1F
3
/S1F

4 
mixtures proved to

be a small quantity of C1F4. The failure of such radicals as C1F2, BrF4,

and IF
6 
to be formed on y—radiolysis of Cl2/SF6, BrF3

/SF6, and 1F5
/SF

6

mixtures , respectively, remains a mystery . The size of the matrix trapping

sites may play a major role in the success of this particular method .

One problem which manifested itself from the onset of this work

was the reaction of various interhalogen materials with the metal to glass

seals used in attaching the quartz tubes to the metal vacuum line prior

to the samples being sealed of f. This problem was largely overcome

through the use of FEP Teflon which has proven to be an excellent non-

reactive containment material . The FEP Teflon tubes (1/8” o.d.) are

attached to the vacuum line with standard Swagelok fittings and can be

sealed readily with a “soft” flame . The Teflon also appears to be superior

to the quartz as a containment material for the more reactive interhalogens ,

such as C1F3O.
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Table II. Summary of ESR Studies

Compound Matrixa Radicals Formed
l),C

Cl2 
SF
6 x

C1F SF6 X

C1F Xe X
Cl)? Sip

4 X

C1F
3 

SF
6 

C1F
4

C1F3 SIF 4 C1F4
Cl)?

3 
C1F

3 
X

C1F Od,e SF6 C1F
4

C1F~ SF6 C1F4 , C1F6
C1F5 

Xe X

elF5 C1F5 X

Br2 SF6 X

BrF
3 

SF
6 

X

BrF
3 

Xe X

BrF5 SF 6 BrF 6
Br)?5 Xe X

IF
5 

Xe X

IF5 SeF6 X

IF5 MoF6 X

SiF4 SF6 X

SF6 SF 6 X

SiF4 SiF4 X

SiF4 Xe X

XeOF
4 

SF
6 

X

SF4 
- SF4 X

SF4 SF6 X

NP 3 SF6 X

MoF6 MoF
6 

X

WF
6
U SF

6 
x

OF2
d SF6 

- x
X

a~~1 mixtures were ‘~.5 mole Z and were prepared in Suprasil quartz tubes .
bTIle radicals SF 5 and 5F6 were observed in mixtures containing SF 6.
C~~~ denotes no new radicals were formed .
dMixiures also prepared in FEI’ Teflon tubes.
eluf rared analysis of C1F3O showed major contamination by C1F 3 and poor agreementwith the puhlisheJ spectrum of ClF~O.

;~
-
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Appendix I

VIBRATIONAL SPECTRA OF TIlE BINARY FLUORIDES
OF TIlE MAIN GROUP ELE~H-:NTS — A REVIE W

N.R. Smyrl and Cleb Namantov
Depa r tmen t of Chemist ry
University of Tennessee

Knoxville, Tennessee 37916

Abstract. The results of vibrational spectroscopic studies

on the fluorides of the main group elejuents are summarized

in this review . Emphasis is placed on results obtained by

matrix isolation . The trends in the pariodic table are

noted .
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Vib rational spectroscopy is an importa nt  tool for  the character izat ion

of various chemical species. Valuable informa tion regarding molecular

s t ruc tu res as well as in t r a—  and in termolecular  forces can be extracted

f rom vibrational spectral data . Recen t ad vances , such as the int roduction

of laser sources to Raman spectroscopy , the commercial availability of

Fourier transform infrared spectrometers , and the continuing development

and application of the matrix—it~olation technique to a variety of chemical

systems, have greatly enhanced the utility of vibrational speCLroScOpy to

chemists.

Inorganic fluorine compounds are of consid erable interest and

importance not only because fluorides of nearly all knot-rn elemen ts , i nc lud ing

some of the rare gases, have been synthef;izcd , but because a number of these

compounds are quite different f rom other halides . Con..id~ r , for examp le ,

the compounds SF
4 
and SF

6 
and their chloro analogs . SF

6 
is che~- i callv a

very inert and a very stable compound while SF4, a1~o qc~ te stable , is quite

reactive . The corresponding tetrachioride molecule 1- ; stable onl y a t low

tempera tu res while the hexachloride molecule i~; nonexistent .

Many fluorides , particularly the interhalogc’ns , arc very reactive and

require special handling techniques. Matrix isolation has proven to he a

very useful technique in the stud y of inorgani c fl uorid es: it is par ticul ar l y

useful in the study of very reactive species , such as the free radicals and

high— tempe rature vapor species. Such molecules can be stabilized in a

low—temperature matrix environment which effectively prevents reaction with

cell and window materials . Since the molecules arc effec tively isolated

from each other , problems involving molecular association are minimized .

There is g~ncrally a good correlation between matrix and gas phase spectral

data ~cep t  in cases where strong in terac tion hctween th e  mat r ix mate r ial

and tl ’e i so la ted  molecule e xi s t s .  Narrow b andwid ths  are a characteristic

2
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feature of matrix spectra making it frequently possible to obtain

structural information from bands involving different isotopes . Matrix—

isola tion da ta will be u tilized , wherever possible , throughout this paper.

In this review we summarize and attempt to correlate vibrational

speccral data amassed from the literature for the main group inorganic

binary fluorides. In addition , a brief review of the matrix—isolation

studies of bo th reac tive intermedia tes and hi gh— temperature fluoride vapor

spec ies is included , placing particular emphasis on the interhalogen molecules.

A. Inorganic Binarl Fluorides

In this section available vibrational data for the main group binary

fluorides will be reviewed in an attempt to establish trends in both

structures and bond stre tching force constants. The review is restricted

primarily to molecular entities which were observed either in the gas

phase or in inert matrices . The emphasis on the matrix data in this review

is in contrast with the more general approach taken by Reynolds in an

earlier review of the vibrational spectra of inorganic fluorides (1).

Vibrational spectra , besides being utilized to establish molecular

struc tures , can be used in the evaluation of molecular force constants .

Considerable effort has been expended to relate bond stretching force

constants to bond order. Although no specific theore tical model has been

found that will cover all types of chemical bonds , there exis ts a quali tative

relationship between bond stretching force constants and bond orders which

pe rmits a comparison of bond s t rengths  for molecules such as the binary

fluorides. In making  such a compa r ison , a consistent force field model

must be adhe red to. The General Valence Force Field (GVFF) or an approximation

of this field generally referred to as the Modified Valence Force Field

(HVFF) are the potential models which have become increasingly popular

3

- 

- - - . “

~~~

-

~~~~~

•

— . . - - .— — . .-.-.~~---— . --—.--— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~- ~~



with chemists. Valence force constants normally exhibit good transferability

bet ween molecules possessing similar types of bonds. Valence stretching

force constants further bear a close relationship to the chemical bonding

forces.  Force constants ut i l iz ing the valence f o r c e  field were , therefore ,

chosen for comparison in this paper for  the reasons j us t  mentioned and

because of the wealth of data available in the literature . Although a

unique set of force constants rarely exis ts for a given polya tomic molec u le ,

one preferred set can normally be chosen on a physical basis . Relating

stre tching for ce constan ts to bond energies should be trea ted with cau tion ,

pa rt icularly fo r molecules exhibi t in g a la rge percen tage of ionic bonding,

since the magnitude of the force constant is primarily a reflection of only

the covalent character of a particular bond .

Table I lists the symmetry point groups and X— F s t re tch ing  force constants

for those main group bina ry fluorides for which t h e  oxidation state of the

element combined vith f luor ine  corresponds to the group number. In Tables

Il—V I vibrational spectral  data , (using matrix isolation results if available)

including the X—F stretching for ce con stan ts , are p resented fo r the main

group binary fluorides having formulas ranging from XF to ~~~~ respectively.

Two force constant trends are apparent .  First , th e, force constants decrease

in magnitude from top to bottom for a given group in each of these tables

with certain exceptions noted below. For molecules which possess both

equatorial and axial X—F bonds , the axial stretching force constant exhibits

the top to bottom trend opposite to that previously mentioned . Going from

lef t  to right the force con stants in the periodic table f i rst  increase

reaching a maximum in a given period somewhere in the vicinity of the

transit ion point from metal to nonmetal ; this is followed by a decrease in

the force const ant .  These force constant  trends arc much more apparent

for Tables I—I ’ll where a nx~re complete set of data is available .

4
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From the data presented in Tables 1—VI , it appears that a particular

structure is maintained for molecules of the same formula and within a

given group with the exception of BcF
2 

and MgF 2 which are lin ea r while the

remaining members of tha t  group ha ve bent (C2) st ructures . The vibrat ional

data for the diatonic f luo r ides  presented in Table II are taken from gas phas e

elect ronic an d! mat r i x—iso l a t i on  spectr a] .  studies ; both sets of data are

available fo r a number of the d iat o n i c  molecules in this Table.  The gas

phase freq uencies have all been corrected for anharmonicity except in the

case of fluo rine , this is apparently the reason for its f~ rce cons tan t

bei~~; lower than that for CIF. If the matrix data for the diatomic molecules

of Group V1IA arc’ examined , however , the expec ted top to bo ttom t rend

is observed . The apparent reversal in the magnitudes of the gas phase and

ma tr ix freq uencies for  NgF is a ra ther unusual occurrence which is also

worth noting .

In Table III there are several points worthy of note. For both

Groups VA and VIllA there appear to he deviat ions from the apparent  norma l

top to bottom trend wi th PF
2 

and XeF
2 

having slightly larger force constants

than NF
2 
and KrF 2 ,  respec tively. All molecules in Table Ill have bent

(C
2) 

structures with the exception of KrF
2 

and XeF
2 
which are linear (D li) as

are BeF
2 

and MgF2 ,  as previously noted , and the Hr2 molecules of Group IA which

are apparently triangular (C
2
). For the series of molecules , CF2, NF2,

and OF 2 , the v
1 

mode is observed to h ave a higher frequenc y than tha t for

the v
3 

mode which is an apparen t devia ti on f rom nor mal trend s. This beha v io r

may be a result of dynamic e f fec t s  due. to the s imi l a r i t y  in the masses of

the various atoms making up this series of t r i a tomic  s~~lecules (2) . The

assignment of the v
1 

mode to a hi gher frequency value than v 3 has bee n made for

a number of other molecules in th is Tab le . In some cases , however , these

assignments are subject to some uncertainty. Raman data , which could be

5
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utilized to clarify such situations , are largely unavailable for molecules

in Table III since the majority of the data come from infrared matrix—isolation

studies.

In Table IV NT’
3 
appears to be an exce1)tion as its stretching force constan t

is lower than that for PF3. It should be noted also that the force constaiit~

for CF 3 and SiF
3 are very nearl y the same . The XT

3 
compounds of group VIIA

possess two equivalent axial X—F bonds and one equatorial or unique bond .

The equatorial type bond s are stronger than the axial. bonds for all molecules

in Tables TV—VT which exhibit bonding  of this typo wi th  the exception of

the XF
5 
molecules of Group VITA. The range of point group symmetry for the

molecules in Table Ill is D 31 for Group lilA , C3 for Groups IVA and VA ,

C for  Group VIA , and C2 for Group VI1A . The f r equency  data for  Group VA

indicate that v
1 is greater than v

3 
for each member of that  series.

Vibrational  data for the ma in group binary f luor ides  with the fo rmula

are restr icted to compounds of Groups IVA , VIA , and VillA as ex-

emplified in Table V. Molecules of Group VIA possess two axial and

two equator ia l  X—F bonds.  The range of poin t group symmetry for  the molecules

in Table \T is Td for  Group IVA , C2 for  Group VIA , and D
41 

for Group VillA .

The XF r molecules of Group VIIA P0ss05s C
4 

symme t ry and have four

equivalent equatorial X-- F bonds and one unique axial bond as indicated in

Table VI. The equatorial stretch ing force constant exhibits the reverse

of the normal top to bottom trend previc’u~ ly noted for bonds of this type .

The molecules of Group VA h i a v ,~ D31 symmetry . It appears appropriate

at this point to present a brief discussion of SbF5, sinc~ the re has been

conside rable unce r ta in ty  in t1~. in terpretation of the vibrational spectra

and the assignment of a structure to the monomer.  A recent report  involving

a tempcrature dependent study of the Raman gas phase spectrum of SbF
5 

(3)

indicates that previous vibrat:ional assignments were apparentl y in error. This

6
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study shows that SbF5 
is strongly associated in the gas phase even at temperatures

as high as 250°C. The association apparent ly occurs thro ugh bonds involving

cis—fluorine bridging. An assignment of a C
4 

struc ture to th e  monomer fo r

from a previous matrix—isolation study (4) appears to be negated ,

since the experimental, conditions which were utilized could not preclude

the predominance of tli€’ associated species. The force constants presented

in Table VT for ShF
5 

ai -c based upon an incorrect vibrational assi gnment.

It would appear , iiow~ ver , that a corrected assignment nd ght produce very

little effect on m-ignitudc s  of these reported stretc1iin~ force constants ,

and so t.hc~ are inc luded  for  comparison .

Vib rat ional  data for various isoelectronic binary f l uo r ide s  with the

formula are l isted in Table VII .  For t i e  f i r s t  series in t u e  upper

l e f t  of th is  t ab i t , t h e  force constant  incr ~’i s e s  in going f rom Br 1, to CF
4

and then decreases slightl y f or  It would appear t hat  the next  ser ies

beg inn ing  w it h  Al l ’
4 would r 1iuw a similar  trend except data fo r  PF

4~

are unavailable.  The f l uo r ides  of these ta- u ser i~’s all have Td sv1~~ctr \ ’ .

\‘ery l i t t l e  can be said in regard to the ti~r c ’  s er i e s  in Lii  lower  r i ght

secti on of the Table since the da t a  are Liii ’s I v inc~inp1 et c .  The 5vi ’ir~e t  cv .

however , for  t h e  \ I 1 ~ ieni species in these sci  iss i_s C2v

Vibrational  data are p r e s en t e d  in Ta~~l V I I I  for  v ar i ou s  i ~-u~ ie~

series of the formula  >~T’6 .  All the species in the ‘rabit ’ poss.,’is s\ r il’ : et I Y .

The l e f t  to ri ght h or i z o n ta l  force  cons tant  t ’ r e i i d s  i t  ~ - s i i i i l . a i  fo~ each of

these sc r ie s , as t he  magnitudes are observed to increase to ( sup  VL\ and then

decrea se  slightly for Group Vi I A .  The exception  to t i t i  p ar t i c u lar  t rend

occurs in t h e  lowe r series which increases c-out’! ts~tisi y f r om l e f i  to ri gh t .

‘liii re is  general  decrease  in the. force constants in ~o imp ,  f rom top to

b u t t o n  fu r  al l. g roups  in this t ab le  with the r > : c cp t l o f l  of Vi IA wh i c h  exh ibit

the rever se trend .

7

— . .“-- ‘.. - F . - _ . .
~~ f , . - -

- / . 
- , ! ...~~~ .. ~~ ~~~

- s - - , -• --~- - • : “~‘- . — ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ______



- .

lu the comp ilation of force cons tant  data  for  the inorganic binary

f luor ides , it would be of interest to examine how b oi id ing  of a d dit io n a l

atoms such as oxygen might affect the bond strengths of selected X—F bonds.

Vibrational data have been comp iled in Table IX for  NF , CTF , NF 3, an d C I F 3

along w i t h  various oxygenated fo ric s of t i c - t o compounds  to illustrate this

e-fect . The N—F’ and Cl— F ;‘L ri ching I orce COI l ;~t ci i i  t a r e  observed to be

reduced to approximately one half of t is i r ori g inal  values  in g o i n g  f oo t  PT’

to FNO and from C] F to FC] 0, iespcc t ’i v53 y. Fur~ hci- n d d i t i o n  of s p e l L  a t om s

in both  ocr Los appears to li ve litti c effect on the  Ci ) r r e s p ct i i d  i ;cg X—F

s t ret c h i ng  f or c e  c o n s t a n t s , e xc ep t  for an eventual sli pi t t  i nc rease  over

the value for  the icon o—m: ’ :enat cc d species. The N — F  st r e t ch i t i  p ferce constant

is esocutially unaffected in going Ire ; to hJ
3
0 i - h i ]  e ti e’ Cl—F force

constants arc’ mildl y r educ  ed f rom Cl F
3 
10 CIF

3
O . ‘l1~ for c e  cons~ ‘ i t  f r

the un ique bond of C1F
3
O exhibits a i tch la rger  t c ! t ; ( ’ ’L I n  h i  that f r

the axial bonds . On addi Lion of a scc’snd exvpt n c t  on t o  \ ‘ield the nisi ccitlo

C1F
3
O
2 , 

both unique and al force coniL ‘ l i t  a i s  se ever  he ye Lies

for  C1F
3
0 , wi t h  l at t e r  f o r c e  const  a nt  1~~v i i i p  a v i  ii~~ e p t i I to Li i :  I of CU’

3

Of i n t e r e s t  is also the  ef f e c t  add i t ie s  ii ( l c c t r ) ’n ; ;  have t h e

s t ruc tures  and s tr e t ch  isp force  con s tants  for  a gi vs ;. f l u o r i d e  er i c e

having the ociic . e m o l e c u lar  f o r m u l a.  This e f f e c t  is i l l u s t i a t  ed in Table X

for  the C1F 2
+

, Cu ’2 ,  and C1F
2 

son es. Tile st r u st  cii ’ ca  r asps  Ir e ; ,  bent

(C 2) for  C I F 2
+ and C1F 2 wi th bond ang les of 100 ° and ,1500 , r e spec t ive ly ,

tO 3 ;  i c r  f o r  C1F2 . The s t re t c h i n g  for c e  co n st s i i t a  fo r  d r 2 and

d r 2 are 2 .48 and 2 .35 in d yn/~~, res~ - c- ct  ivcl y , vii oh is c t r p r e c :  i mci t a - I  y h a le

the value fo r  t l i : ;t  of CiT ’2
1 

ant i ind ica tes  that t h e  add i  t i o n c t i  e lec t rons  fo r

C1F2 and CiF~ are large l y antibonding. A mere comp l e t e  d i s c u s s i o n  of C1F
2

will be i:eidc in h o  following section .

in concluding this section a list of other n u n  group binary fl uorides

for which tli ’r s are eithe r comp lete or i s i rt i a l  v i l i r a t l on a l  da ta  available

is presented in Table X l .

S
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B. M~~ r i~ -Isolation~~~~ es of Trc eat In organic  Binary_Fluoride S1 ~ : i e -

The ar ea in which matr ix  isolation is perhap s of greatest value

is the s tabi l iza t ion  of t ransient  Specie.s such as f ree  radica l  s and hi gh

temperature  vapors.  Unti l  qu i te  recently in f ra red  spectroscopy was utilIzed

almost exclusively for  the v:Lbrational studies of n : n t n i x — i s o l a t c d  spec ies .

With the in t roduc t ion  of laser sources ai,id the development of n~~re s c n t c i  t i v

elec t ronic light detection systems , Ranian m a t r i x — i s o lat i o n  s tudies  are

now feas ~hle  an d  h ive recent ly been app lied to a lim :iLed number of u n s t a b 1

inorganic f luor ide  species including the molecules OF (5) and Cl b 7 (6)

Both of these Species were formed for  Raman s tud y by a novel techni que

which u t i l i zes  the 4880 R output  from an Ar ion las e r  as both t i le ph o t o iv s i s

source and the Roman exc i ta t ion  source . The examp les of C1F2 ( 6 ) ,  GeT 2

(7) , and Mgi” 2 (8) i l lus t ra te  the comp l e m e n t a r y  data  that  Roman i c - c i t r i x —

isolation spectr oseopy can provide .  Other  b inary  f luor ide  molecules f o r

which Rainan mal :nj x d a t a  is available include OF2 (5) , NT ’2 and I - hF
3 

O 1=ri ikali

metals) (9 ,10) , S2F10 
(1].) , RrF 2 

and XeF 2 ( 5 )  , with the l a t t e r  two molecules

having been formed by the sam e laser photolysi.s method as previously

men t ioned . Roman inatnax—isoT’ation spectrosc.opy ha s recen tl y been reviewed

by Ozin (12) , and al though merel y in t h e  earl y stages of development ,

it is anticipated that  this area will continue to grow and become a valuable

coun terpa r t -  to t h e  i nfrared  technique.

This section i ’ spr c - ov i i t s  a br ief review of mat r :Lx— isoia t ion  s tudies

of t h e  m a i n  group binary f l uo r i d e  free radicals  and hi gh—tempera tu re  vapor

spec ies .  A d iscuss ion  of ih ie halogen f luor ide  molecules will be stressed

since thi,s ii ;  an area of considerable  interest to our iabora tory . A l ist

of main group b i n a ry  f luor ides  wh i ch have been cha rac te r i zed  b y m a t r i x —

iso la tion  appears  in Table XII  . 1.1 is apparen t  f r on t  t h i s  Table  that  there

are large gaps i,n the existing da ta fo r  such species as t h e  halogen f l u o r i d e
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radic~~l ii which must be filled in order to ga in a be tter und ers tanding

of this structural. properties and bond ing  which arc characteristic of these

sys tems. Presently CiT
2 
and C1

2
F are the onl y hal ogcn f luor ide radi cals

for which vibra tional data h ave been published. The Cl]”
4 

(13,14), CiT’6
(l’~ ,l 5)  , Brl?6 

(15 ,16) , and I C( (iS) m d i  :~~i rc h ive recently b~ en prepared

by ~—r , d hi] y : i i  s and characterized by esr al thoug h no vibrati oaci i s1l: ’t o o s c c , t i c

data are available . Other i t i t i - r h t a l  Opel! mad ic~ ls , Ci and Br 3, which w e t  o

reportedl y formed P’. mic’rc’esve discIsirp~ (1.7 ,1P) ;uav in fact be the 1 ctri c

species  ( 19)

The CiT 2 radical is of s u f f i c i e n t .  d c  n -hea l si gn i f i can c e  to meri t  a

b r ief discussion . This p ar t i c u l a r  r a d i c a l  is cia in te ’c’st iicp, species due to

the fact  that it posse. ;sos 21 valence ci i c ~ rons  i’ ii app c ’ars t o  h i n v e  an

intermediate bond ang le o ~‘ ‘i~l 50° . Such a b ond a n g i  ii i t-; appa - .i t ly uni que

for  in terhal op  ci spec ies  s:ince th e  bond esp ies fo r  ‘test of M i t . so ~ro1 e n 1  es

are very near 90° or 180 °. The CiT’9 ru d ,Lc. - i  was f i r s t  prt.It:’~~ t.i iii our

laboratory through the matrix reaction C1F + r - >  ( 1 1
2 

(20) . This reac t ion

was initiated by product ion of F— aton s through in s i t u  u.v. photolysi s

of mno1ecitl~ar  f luor ine . From the in f r ared da t a  the t br os  v l i ’  0 : 1 1  lonal  fu n d a m e n t a l s

were assigned . On th is  b asis  and on the basis of 3
~ Cl , 

37 Cl isotop ic s h i f t

data for v3,  CiT ’2 was assi gned a bent (C)) structure i~ i I Ii  a bond aop l

of ‘~l35° . V er y  recently,  however , And rer’s ’ group (6) has repeated the

infrared work arid in addition has sut’ra no ful ly p i ’~ a 1’ L’d CiT
2 

by tine lass r

photoi y~ is technique for Roma n stud y.  Base-s upon t h e  new Roman data , the

v
1 
mode was rcassh gned from a value of 536 cm 1 to that of 500 cm 1

. I t

appears th at the princi ple of mutual  exclusion hi~ ld~ for thic d r
2 

radical

which is inch icat  ly e  of a I i n t a r  tr h u t  omic sjt(’ d c ’ ; , hut as Andrews points

out , i : i i t i i~~~ i e •<c i n ;  on is vol Id onl y within the .1 l i i i  I s  of d . ’Lec tab J, li.tv

which n~iy be a probi em fo r weakl y active ii ”mlt -’ s in dii u le iv i t ,r lccs  . In a

10



reassessment of the data , Andrews favors  a slightl y bent structure with

a bond ang ie of ‘nl50° -~~

Recen tly we have coni 1i c’ted (ft collaboration with E. S. Prochaska and

L. Andrews of the Univers i ty  of Vi rg in ia )  a ni,’ tmix isolation study of th e

bromine—fluorine ~vst  c i ,  (21). Evidence for the formation of BrF2 ,  ]ir
2
F,

and Br 2
F~ was obta ined . These expec:r a l L L S  involved UV—p h o t o iy s i  s of cu’itrix

mixtures , including BrF
3 

in Ar , e q u il ib r i u m  m i x t u r e s  of BrF , Br t 3, and Br
2

in Ar , alone and c-c iclcpos I t ed ‘-i th F.) in Ar , ari d Br 2 in Ar and F 2 
in Ai

depc’eited from separate m an i f o l d s .  Also rii cm’ o ’, ..’ . v o  di srhis rg ’: ’  c x p c r l r -  ‘t s  n~-e rs

done wi th  s~ i i ;~ 1es of L i / P c 2 and Ar/F 2 
mixed b e f or e  and d u r i n g  d i s c h ar p e

The microwave c:~~:- 1: ic c in t~ we re stiniula t r-ch by a r ecen t  1,iae ’; spec e ;‘ Ui i s t  c i  C

kinetic s tud y ( 2 2)  which in red to pee -c u t  a r~n P ad peed :: -: .1 ap l3rF in a i-tec h

purer for m . The data for  BrF 2 are of coi;oidcr P. ho j e t e  r tu -; - t for the p’a c~ ci sc’s

of compac i  son with Cl 1
2~ 

A doublet  lies  r Sf 9  i- . it ii 2 .2 nn~~ I sot  op in

sp l i t t i n g  wan attributed 1:0 BrF2, and a d t a l d f l l f l t i o i t  of 152° ± S~~ for t h t ~

lower limit of the F- - h r - F  valence ang le n t ro i :p l.y i t i h i • c~ tee that , li lue

C1F 2 , Brl”2 
is also obtusely Lent . Bands ob s er ve s  ~~t 555 ait:I  507 cc

were at t r ibuted to Bi-
2F2 and Br ,,F , r e s p ec t  i ~r e ] 

~~‘ , bosc h upon ph i c t c 4 ysi  S

behavior s imilar  to t h e i r  c l i lo r f t c  ana logs .

Vibrational data for t , h i ~~ m a j o r i t y  of the molecules  in Table XII were

presented in t h e  f i r s t  section and these species i-t i ll not he d iscussed

fu r  tb .  r

‘hu nnc ’ ]~ ’d p e n i c n t .  We- wo uld l i lue  to ackn owled ge. th e, Support of the Army

Research  O f f i c e  and Time A i r  Force Office of Scientific h1c se:ii-ch .
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